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GOALS: 

1) Identify and compare the mechanisms that energize tropical 

and extra-tropical Pacific decadal variance in each CMIP5 ESM
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2) Diagnose how these mechanisms are projected to change 

under anthropogenic forcing using large-ensembles
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MECHANISTIC HYPOTHESIS OF PDV PROCESSES 
(CONSTRAINED BY OBSERVATIONS)

Tropical Pacific Decadal Variability (TPDV) Hypothesis #1

Extra-tropical Pacific Decadal Variability (EPDV) Hypothesis #2
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MECHANISTIC HYPOTHESIS OF PDV PROCESSES 
(DERIVED FROM OBSERVATIONS)

TPDV HYPOTHESIS #1: 
Seasonal stochastic variability of extra-tropical ENSO precursors is 
reddened by ENSO and its teleconnections into decadal variance.

Tropical Pacific Decadal Variability (TPDV) Hypothesis #1



TPDV HYPOTHESIS #1: 
Seasonal stochastic variability of extra-tropical ENSO precursors is 
reddened by ENSO and its teleconnections into decadal variance.

Tropical Pacific Decadal Variability (TPDV) Hypothesis #1

GOAL 
Quantify the ENSO precursor contribution to TPDV
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STEP 1 
Define an index of ENSO in 
the peak phase (OND)
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HYPOTHESIS: 
Seasonal variability of extra-tropical ENSO precursors is reddened 
by ENSO and its teleconnections into decadal variance.
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QUESTION: 
How to quantify the decadal variance 
explained by the precursors?
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Modes of North and South PDV (e.g. PDO, NPGO, SPDO) 
are the result of a collection of drivers/processes: 

atmospheric internal and external forcing 
(e.g. stochastic and ENSO teleconnections) 

memory dynamics (e.g. ocean reemergence, ocean Rossby 
waves, tropical/extra-tropical teleconnections)
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may not have corresponded to a coherent basin-wide
Pacific climate regime shift.

b. PDO representation by coupled climate models

Perhaps our most comprehensive tool for under-
standing how processes interact to produce the PDO is
the coupled general circulation model (CGCM). Here,

we assess a CGCM reproduction of the PDO and PDO
processes.
Figure 8 exemplifies the range of PDO patterns

(defined according to Mantua et al. 1997) across the
historical model runs from phase 5 of the Coupled
Model Intercomparison Project (CMIP5), in compari-
son with the observed pattern (Fig. 1a). All CMIP5

FIG. 6. Reconstructing the PDO as the sum of three different dynamical processes. Time series for the contri-
butions to the PDO from the (a) second (North Pacific), (c) third (central Pacific ENSO), and (e) fourth [eastern
Pacific ENSO; showing the most energetic phase of this complex eigenmode (essentially, cosine phase), with the
least energetic phase (sine phase) not shown] eigenmodes and (b),(d),(f) the corresponding maps of the LIM
described in the text. Note that unlike EOFs, these eigenmodes are nonorthogonal. Contour intervals are the same
in all three eigenmode maps; all eigenmodes are normalized to have unit amplitude. For all time series, positive
(negative) values are drawn in red (blue). The LIM is determined in a reduced EOF space (with 25 degrees of
freedom) that retains about 85% of the SST variance in the tropics and North Pacific domains. (g) PDO re-
construction is the sum of the time series shown in (a),(c),(e). (h) PDO index time series (as in Fig. 1c, but with a 3-
month runningmean smoothing applied). In the time series panels, thick black lines represent the application of the
same 6-yr low-pass smoother as in Fig. 1b, and vertical green lines indicate times of PDO regime shifts.
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Figure 6. Reconstructing the PDO as the sum of three different dynamical processes. Time series for the contributions to 
the PDO from the (a) second (North Pacific), (c) third (central Pacific ENSO), and (e) fourth [eastern Pacific ENSO; showing 
the most energetic phase of this complex eigenmode (essentially, cosine phase), with the least energetic phase (sine phase) 
not shown] eigenmodes and (b),(d),(f) the corresponding maps of the LIM described in the text. Note that unlike EOFs, these 
eigenmodes are nonorthogonal. Contour intervals are the same in all three eigenmode maps; all eigenmodes are normalized 
to have unit amplitude. For all time series, positive (negative) values are drawn in red (blue). The LIM is determined in a 
reduced EOF space (with 25 degrees of freedom) that retains about 85% of the SST variance in the tropics and North Pacific 
domains. (g) PDO re- construction is the sum of the time series shown in (a),(c),(e). (h) PDO index time series (as in Fig. 1c, 
but with a 3- month running mean smoothing applied). In the time series panels, thick black lines represent the application of 
the same 6-yr low-pass smoother as in Fig. 1b, and vertical green lines indicate times of PDO regime shifts.
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the temperature just 
below the base of the 
mixed layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: Changes in feedbacks during the El Nino life cycle in CESM, ESM2M large ensembles. Dominant terms 
(ºC/month) in the Reynolds-decomposed mixed-layer heat budget over the NINO3 region for El Niño events in CESM and 
ESM2M large ensembles. El Niño events are selected using the region-based definition of Kug et al. (2010), where SST 
anomalies have been computed relative to a moving 30-year window; here month 0 indicates January of the boreal winter 
in which the event peaks. Gray envelopes indicate the interquartile range of budget terms for 20th century El Niño events, 
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for 21st century El Niño events. 
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differences in feedback sensitivity across the ensembles (Figure). Increases in upwelling and 
thermocline feedback strength during El Nino development magnify ENSO variance in CESM, 
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More generally, the results of this study emphasize the need to improve estimates of present-

day mean climate and historical variability, in both models and observations, in the service of

improving future projections. The most relevant observational targets suggested by this analysis

are: the zonal gradient and interannual variance of equatorial Pacific SST, the vertical thermal

structure of the equatorial Pacific, the frequency of deep tropical convection, and the sensitivities

of both precipitation and large-scale circulation to anomalies in the zonal SST gradient. Significant

uncertainties exist in these quantities over the instrumental era41–43, meaning that improved obser-

vational estimates are crucial for more robust model benchmarking. Future work on the linkages

between 20th century model performance and projected 21st century behavior of ENSO extremes

is highly recommended.

Methods

The mixed-layer heat budget is derived using a Reynolds-decomposed formulation, following 32

and based on the methods of 44:
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where gradient terms are the two-dimensional horizontal gradients, overbars the monthly cli-

matology and primes anomalies relative to that climatology, Q the net shortwave flux within the

mixed layer, H the depth of the mixed layer, TMLD the average depth within the mixed layer, and
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the temperature just 
below the base of the 
mixed layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: Changes in feedbacks during the El Nino life cycle in CESM, ESM2M large ensembles. Dominant terms 
(ºC/month) in the Reynolds-decomposed mixed-layer heat budget over the NINO3 region for El Niño events in CESM and 
ESM2M large ensembles. El Niño events are selected using the region-based definition of Kug et al. (2010), where SST 
anomalies have been computed relative to a moving 30-year window; here month 0 indicates January of the boreal winter 
in which the event peaks. Gray envelopes indicate the interquartile range of budget terms for 20th century El Niño events, 
and the solid black line indicates the 20th century median; red envelopes and red dashed line follow the same conventions 
for 21st century El Niño events. 
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differences in feedback sensitivity across the ensembles (Figure). Increases in upwelling and 
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Figure 7. Observationally-based hypothesis of PDV mechanisms.
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